Introduction
============

Ulcerative colitis (UC) and Crohn's disease are the two main forms of inflammatory bowel disease (IBD), which is increasing in incidence worldwide. IBD is caused by unknown genetic, environmental, and bacterial factors.[@b1-ijn-10-4565] Symptoms of IBD range from bloody diarrhea and weight loss to ulceration and complete obstruction of the gastrointestinal (GI) tract, which can negatively affect daily life.[@b2-ijn-10-4565] Furthermore, IBD is a risk factor for the development of colon cancer.[@b3-ijn-10-4565] In many patients, IBD has been successfully treated with glucocorticoids, such as prednisolone, due to their potent anti-inflammatory activity.[@b1-ijn-10-4565] However, prolonged administration of glucocorticoids is often restricted to patients with severe disease, due to multiple serious side effects, including hypertension, diabetes mellitus, infection, osteoporosis, and glaucoma.[@b4-ijn-10-4565],[@b5-ijn-10-4565]

Budesonide is a glucocorticoid with anti-inflammatory properties and few side effects; however, it has limited systemic bioavailability due to extensive first-pass hepatic metabolism by CYP3A enzymes.[@b6-ijn-10-4565] Therefore, many groups have sought to develop efficient colon-targeted delivery systems for budesonide to overcome this limitation.[@b7-ijn-10-4565] Various approaches have been used to develop colon-targeted delivery, including prodrugs, pH-dependent release systems, time-dependent release systems, and enzyme-dependent release systems. Among these, single pH-dependent systems are commercially available for budesonide (Budenofalk^®^ and Entocort^®^).[@b8-ijn-10-4565] However, single pH-dependent products release budesonide in the ileum and proximal colon. Therefore, they are not ideal for UC treatment, which occurs in the distal colon and rectum.[@b9-ijn-10-4565] Recent studies showed that pH-dependent budesonide delivery did not effectively induce UC remission, likely due to unreliable colonic release in patients with altered intestinal pH caused by inter- and intraindividual gut pH variability.[@b10-ijn-10-4565],[@b11-ijn-10-4565] Therefore, an ideal colon-specific delivery system for UC therapeutics should prevent premature drug release before reaching the colon and deliver sufficient amounts of the drug to the inflamed area of the distal colon. Fine tuning of the formulation may be necessary to account for longer transit times in the gut, as well as slightly higher pH values (around 7.3) in the distal small intestine.[@b12-ijn-10-4565]

In our previous study, we designed and developed an enzyme/pH dual-sensitive polymeric mixture nanoparticle (NP) system composed of an enzyme-sensitive azo-polyurethane (Azo-pu) and a pH-sensitive methacrylate copolymer (Eudragit S100 \[ES\]) for targeted drug delivery to the inflamed colon, thereby overcoming the limitations of single-triggered release systems.[@b13-ijn-10-4565] The prepared NPs remained intact in the stomach, and released a drug in a sustained manner in the ileum (pH \>7.0), followed by enzyme-triggered release in the presence of the cecal content of rats with colitis. Higher fluorescence levels were also found in the colon compared to the other GI segments after oral administration of the NPs.

In this study, we employed novel enzyme/pH dual-sensitive NPs to enhance the therapeutic efficacy of budesonide for colitis treatment. Budesonide was loaded into Azo-pu ES NPs using quasiemulsion solvent diffusion. Single pH-sensitive NPs (ES NPs) and budesonide solution were also prepared for comparison. The size, shape, and drug-loading capability of the NPs were characterized. The NPs drug-release profiles were evaluated in different pH environments resembling those of the GI tract. After physicochemical characterization, the in vivo therapeutic efficacy of Azo-pu ES NPs was evaluated using a rat colitis model and compared to ES NPs and budesonide solution. Further, the accumulation of NPs in inflamed colon tissues was evaluated. Finally, in vivo and in vitro biocompatibility studies were performed to evaluate the safety of the novel NPs.

Materials and methods
=====================

Materials
---------

Budesonide, coumarin 6 (C-6), polyvinyl alcohol (molecular weight 30,000--70,000), isophorone diisocyanate, 1,2-propanediol, polyethylene glycol (molecular weight 2,000), tin octanoate, and MTT were purchased from Sigma-Aldrich (St Louis, MO, USA). Methacrylate copolymer (Eudragit S100) was generously donated by Evonik Korea Ltd (Seoul, South Korea). m,m′-Di(hydroxymethyl)azobenzene (DAB) was prepared as described in the literature.[@b14-ijn-10-4565] The 2,4,6-Trinitrobenzenesulfonic acid (TNBS) was purchased from Wako Pure Chemicals (Osaka, Japan). Dulbecco's Modified Eagle's Medium, trypsin, fetal bovine serum, and penicillin--streptomycin were purchased from Thermo Fisher Scientific (Waltham, MA, USA). All other reagents and solvents were of the highest analytical grade commercially available.

Synthesis of azo-containing polyurethane
----------------------------------------

Azo-pu was synthesized as previously reported.[@b13-ijn-10-4565] Briefly, 5.85 g (24.2 mmol) DAB and 15.7 g (7.8 mmol) polyethylene glycol were placed in a 300 mL round-bottom flask equipped with a mechanical stirrer and dropping funnel. The flask was evacuated using a vacuum pump for several hours and flushed with dry nitrogen to dry the contents. The 1,2-Propanediol (6.7 g, 88 mmol) and 0.11 g tin octanoate were then added, and the flask was heated to 120°C with stirring under nitrogen flow. Isophorone diisocyanate (6.7 g, 88 mmol) was added dropwise over 4 hours using a dropping funnel. Stirring was maintained until the contents reached the required viscosity. Several grams of ethanol were added to stop the polymerization, and the product was dissolved in 80 mL of ethanol and poured into 1,000 mL of diethyl ether for precipitation. After filtration, the precipitate was dried in a vacuum oven.

Preparation of NPs
------------------

ES NPs and Azo-pu ES NPs were prepared by a quasiemulsion solvent diffusion with some modifications.[@b15-ijn-10-4565] Briefly, 100 mg of ES or Azo-pu ES (1:1 w/w) was dissolved with budesonide (10 mg) in 10 mL of acetone/ethanol solution (7:3 v/v). This solution was slowly injected using a syringe pump at a flow rate of 0.33 mL/minute into 40 mL citrate buffer (pH 5.0) containing 0.1% w/v polyvinyl alcohol solution with stirring. After evaporation of the residual solvent under a fume hood, the NPs were collected by centrifugation at 20,000 *g* for 30 minutes and washed with deionized water three times. The obtained NPs were immediately used for the following experiments. Budesonide was replaced by the hydrophobic fluorescent marker C-6 (2 mg) to facilitate the evaluation of enzyme-triggered release in rat cecal content, in vivo localization, and bioavailability studies. The same procedure was followed for C-6-loaded NP preparation.

Characterization of NPs
-----------------------

### Scanning electron microscopy and particle-size analysis

External NP morphology was analyzed by scanning electron microscopy (SEM). NPs suspended in water were dropped on a carbon tape and air-dried at room temperature in a fume hood or desiccator. Samples were then coated with platinum for 2 minutes in a vacuum and viewed by field-emission SEM (S4800; Hitachi Ltd, Tokyo, Japan) at an acceleration voltage of 1--5 kV. Particle size and size distribution were determined using a qNano size analyzer (Izon Science, Christchurch, New Zealand) coupled with an air-based variable pressure module. All measurements were obtained under the same conditions of applied voltage, stretch, and pressure.

Loading efficiency and entrapment efficiency
--------------------------------------------

The loading and entrapment efficiency of budesonide in NPs was determined by high-performance liquid chromatography (HPLC) according to an established method in the literature.[@b16-ijn-10-4565] The HPLC system used for the budesonide analysis was an LC-20AT (Shimadzu, Kyoto, Japan) equipped with an autosampler processor, an SPD-20A ultraviolet (UV) detector, and a Luna C18 column (5 μm, 150×4.6 mm; Phenomenex, Torrance, CA, USA). The UV-detector wavelength was set at 254 nm, and a combination of methanol and water (70:30) at a flow rate of 0.8 mL/min was used as the mobile phase. A calibration curve using standard budesonide solution was obtained, and was linear (*R*^2^=0.9997) over the range of 0.125--250 μg/mL. Specific amounts of ES NPs or Azo-pu ES NPs were dissolved in methanol, and the budesonide content was determined using the calibration curve. Samples were prepared in triplicate, and drug-loading efficiency (LE) and encapsulation efficiency (EE) were calculated using the following equations: $$\text{LE}\left( \% \right) = \frac{\text{Amount~of~budesonide~in~NPs}}{\text{Amount~of~NPs}} \times 100$$ $$\text{EE}\left( \% \right) = \frac{\text{Amount~of~budesonide~in~NPs}}{\text{Amount~of~budesonide~initially~added}} \times 100$$

Differential scanning calorimetry study
---------------------------------------

The physical status of the NP-entrapped drugs was analyzed by differential scanning calorimetry (DSC; N-650; Scinco, Seoul, South Korea). Samples (6 mg) of budesonide, ES, Azo-pu, and the NPs were accurately weighed in aluminum pans and hermetically sealed with aluminum lids. Sample DSC thermograms were obtained by heating from 25°C to 300°C at a scanning rate of 10°C/min under dry nitrogen. Empty pans were used as a reference.

In vitro drug release in different pH
-------------------------------------

In vitro drug release from ES NPs and Azo-pu ES NPs was evaluated in buffers with gradually changing pH values of 1.2, 6.8, and 7.4, corresponding to the stomach, the upper small intestine, and the ileum and colon, respectively.[@b17-ijn-10-4565] NPs (10 mg) were added to 50 mL of the release medium and incubated in a shaking water bath (60 rpm, 37°C). Tween 80 (0.2% w/v) was added to the release medium to facilitate the solubilization of budesonide. At predetermined time intervals, 150 μL aliquots were sampled, and an equal volume of fresh buffer was added. The aliquots were centrifuged at 17,000 *g* for 30 minutes, and supernatants containing budesonide released from the NPs were analyzed using HPLC as described previously.

Animal studies
--------------

All animal experiments were approved by the Ethical Committee for Animal Care of the Health Science Sector of the Pusan National University, and performed in accordance with the regulations of Pusan National University and Korean legislation on animal studies. Male Sprague Dawley rats (250--290 g, 9 weeks old) were purchased from Samtako Bio Korea (Osan, South Korea) and housed in the university animal facility at 25°C±3°C under a 12-hour light/dark cycle.

TNBS-induced colitis
--------------------

The TNBS colitis model was chosen as a well-recognized experimental model that allows induction of colitis at an exact location.[@b18-ijn-10-4565] Colitis was induced following a previously reported method.[@b19-ijn-10-4565] Briefly, rats were starved with free access to water for 24 hours before colitis induction. All colonic instillations were performed under isoflurane anesthesia. A rubber cannula (outer diameter 2 mm) was inserted rectally into the colon, such that the tip was 8 cm proximal to the anus, at the splenic flexure. TNBS dissolved in 50% (v/v) aqueous ethanol was instilled into the colon via the rubber cannula (15 mg/0.3 mL/rat). The healthy control group received only 50% aqueous ethanol. Rats were weighed and randomly divided into five groups: healthy control, colitis control, budesonide solution-treated, ES NP-treated, and Azo-pu ES NP-treated (n=5). The rats were monitored for 3 days without treatment to allow for the development of colitis. Each treated group received an equal dose of budesonide (0.168 mg/kg) either in the form of drug solution or suspended NPs orally by gavage. The healthy control and the colitis control groups received normal saline.

Clinical activity score
-----------------------

The degree of inflammation was evaluated by clinical score, assessing weight loss, stool consistency, and rectal bleeding, as previously described.[@b20-ijn-10-4565] Inflammation was scored on a scale of 0--4. No weight loss was 0 points, 1%--5% 1 point, 5%--10% 2 points, 10%--20% 3 points, and \>20% 4 points. For stool consistency, 0 points were given for well-formed pellets, 2 points for pasty and semiformed stools that did not stick to the anus, and 4 points for liquid stools that stuck to the anus. Bleeding was scored as 0 points for no blood, 2 points for positive findings, and 4 points for gross bleeding. The mean of these scores formed the clinical score, ranging from 0 (healthy) to 4 (maximal colitis).

Colon macroscopic appearance, length, and colon/body weight ratio
-----------------------------------------------------------------

All rats were killed 24 hours after the last treatment and their colons resected. Macroscopic changes, including colon length, ulceration, and severity of colitis, were evaluated. Distal colon tissue samples (10 cm) were resected, opened longitudinally, and rinsed with iced buffer to remove the luminal content. The ratio of the colon sample wet weight to body weight was calculated, and the colon/body weight ratio was determined as an index of colonic inflammation.[@b21-ijn-10-4565]

Histological assessment of colitis
----------------------------------

For the histological examinations, small segments of the colon were fixed in 10% buffered formalin phosphate and embedded in paraffin. Sections (5 μm) were cut with a microtome (Reichert, Munich, Germany) and stained with hematoxylin and eosin (H&E), followed by light microscopy analysis (Carl Zeiss Meditec AG, Jena, Germany). The degree of inflammation and epithelial injury on microscopic cross sections of the colon were graded semiquantitatively from 0 to 5.[@b22-ijn-10-4565] Grading was done in a blinded fashion on coded slides.

Myeloperoxidase activity
------------------------

Myeloperoxidase (MPO) is an enzyme that is abundantly expressed in activated neutrophils in inflamed tissue, and its activity is measured as an index of inflammation. MPO activity was measured according to an established method.[@b11-ijn-10-4565] Briefly, distal colon specimens were minced with a sharp scissor in 1 mL of hexadecyltrimethylammonium bromide (HTAB) buffer (0.5% in 50 mM phosphate buffer, pH 6.0) on ice and homogenized. HTAB was added to adjust the pooled homogenate concentration to 100 mg of tissue per milliliter, followed by sonication for 10 seconds, three freeze--thaw cycles, and centrifugation at 14,000 rpm at 4°C for 3 minutes. Supernatants (0.1 mL) were added to 2.9 mL of 50 mM phosphate buffer solution (pH 6.0) containing 0.167 mg/mL O-dianisidine dihydrochloride and 0.0005% hydrogen peroxide, and the change in absorbance at 460 nm was measured by a UV spectrophotometer (Shimadzu) for 5 minutes at 25°C. One unit of MPO activity is defined as the amount of enzyme degrading 1 μmol of peroxide per minute at 25°C.

Determination of proinflammatory cytokines in the colon
-------------------------------------------------------

The concentrations of the proinflammatory cytokines TNF-α and IL-6 in the colons of untreated and treated rats were determined by a sandwich-type enzyme-linked immunosor-bent assay (ELISA) using kits (BioLegend, San Diego, CA, USA; R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. Briefly, the frozen distal colon specimens were homogenized with potassium phosphate buffer (pH 6.0) and centrifuged at 2,500 *g* and 4°C for 5 minutes. Supernatants were centrifuged at 10,000 *g* and 4°C for 10 minutes, and were analyzed by ELISA for TNF-α and IL-6 quantification. Total protein concentration was determined by the Lowry protein assay using BCA kit (Thermo Fisher Scientific).

Accumulation of NPs in inflamed colon tissues
---------------------------------------------

Colitis was induced in rats using TNBS as described previously. The hydrophobic fluorescent marker C-6 was loaded in NPs to facilitate in vivo detection and quantification in the colon after oral administration. After induction of colitis, rats were orally administered C-6 (50 μg/rat), either as a solution or suspended NPs. Colons were resected after 24 hours, and the inflamed and noninflamed parts were separated and rinsed in cold saline to remove the luminal content. For confocal microscopy, colon specimens were embedded in Tissue-Tek^®^ optimum cutting temperature compound and cut into 5 μm sections using a cryostat (Reichert). Images were captured by confocal microscopy (FV10i FluoView; Olympus Corporation, Tokyo, Japan). For the quantitative study, the colon samples were freeze-dried and homogenized into powder. Subsequently, 50 mg powder was used to extract C-6 with 1 mL of chloroform/methanol (1:1, v/v) and quantified by a fluorescence plate reader (TriStar LB 941; Berthold Technologies, Bad Wildbad, Germany).

C-6 plasma-concentration study
------------------------------

Rats were kept in an environmentally controlled breeding room for 3 days before the experiment. The rats were starved for 12 hours prior to C-6 administration. Budesonide was replaced with C-6 formulation to facilitate plasma analysis.[@b23-ijn-10-4565] Rats were divided into three groups (n=3): the C-6 solution group, ES NP group, and Azo-pu ES NP group. The formulations were orally administered (50 μg/rat) by oral gavage under mild isoflurane anesthesia. Venous blood (300 μL) was obtained from the tail vein and collected in heparin-pretreated test tubes at 0, 0.5, 1, 2, 3, 4, 5, 6, 8, and 24 hours after administration. All blood samples were immediately centrifuged, and the obtained plasma was stored at −20°C before analysis. The C-6 content in the plasma was extracted with a chloroform/methanol (1:1 v/v) mixture and quantified by the fluorescence plate reader.[@b21-ijn-10-4565]

Blood glucose level
-------------------

The blood glucose level in the colitis control and budesonide-treated rats was measured using a blood glucose-monitoring system (CareSens II; ICENS Co Ltd, Wonju, South Korea) to compare the colon-specific drug-delivery potential of the developed novel Azo-pu ES NPs to ES NPs and the budesonide solution.

In vivo and in vitro biocompatibility study
-------------------------------------------

The in vivo toxicity of budesonide-loaded Azo-pu ES NPs after 5 days' treatment was evaluated in colitis rats. After treatment with Azo-pu ES NPs, liver and kidney sections were prepared, and H&E staining was performed for histological evaluations. Untreated healthy rats were used as a control group. The in vivo toxicity of blank Azo-pu ES NPs was also evaluated by administering NPs for 7 days. Body weight changes were recorded, and H&E-staining sections of the small intestine and colon were prepared for histological evaluation. In vitro biocompatibility of blank Azo-pu ES NPs was determined by MTT assay using the HT29 and HCT116 cell lines, obtained from the Korean Cell Line Bank (Seoul, South Korea). Cells were cultured in Dulbecco's Modified Eagle's Medium with 10% fetal bovine serum and 100 U/mL penicillin--streptomycin. The cells were seeded in 96-well plates at a density of 5,000 cells/well. After 24 hours, the culture medium was replaced with varying concentrations of blank Azo-pu ES NP suspensions and incubated for 24 hours. Cell toxicity was determined by MTT assay.

Statistical analysis
--------------------

Statistical analysis of the in vitro and in vivo data was performed using Student's *t*-test in Sigma Plot 10.0 (Systat Software, Chicago, IL, USA). The data are presented as means ± standard deviation, and *P*-values less than 0.05 were accepted as a statistically significant difference.

Results
=======

Preparation and physicochemical characterization of NPs
-------------------------------------------------------

In the current study, budesonide was loaded in ES NPs and Azo-pu ES NPs using the oil-in-water emulsion/solvent-evaporation method.[@b15-ijn-10-4565] The prepared NPs were evaluated by SEM, which revealed a spherical morphology ([Figure 1A](#f1-ijn-10-4565){ref-type="fig"}) with uniform size and high yields and encapsulation efficiency, as shown in [Table 1](#t1-ijn-10-4565){ref-type="table"}. The mean sizes of the ES NPs and Azo-pu ES NPs were 191 nm and 195 nm, respectively, with a narrow size distribution ([Table 1](#t1-ijn-10-4565){ref-type="table"} and [Figure 1B](#f1-ijn-10-4565){ref-type="fig"}). The physical status of the entrapped drugs in the NPs was evaluated by DSC, as shown in [Figure 1C](#f1-ijn-10-4565){ref-type="fig"}. The endothermic peak of budesonide in the DSC curves was observed at 262°C, whereas no budesonide peaks were found in the NPs, indicating that budesonide was present in the molecularly dispersed state and well encapsulated in NPs.[@b24-ijn-10-4565]

In vitro drug release
---------------------

The profiles of budesonide release from ES NPs and Azo-pu ES NPs were determined in gradually pH-changing medium (pH 1.2, 6.8, and 7.4) for 24 hours, as shown in [Figure 1D](#f1-ijn-10-4565){ref-type="fig"}. At pH 1.2 and 6.8, which represent the pH of the stomach and the upper part of the small intestine, respectively, there was no significant difference in drug-release profile between the NPs, with less than 20% of the drug released during the first 6 hours. At the ileum pH (pH 7.4), ES NPs and Azo-pu ES NPs showed markedly different release profiles. ES NPs showed a sudden burst release (nearly 100%) of the drug, due to their complete dissolution at pH \>7.0. In contrast, there was no drastic change in drug release from Azo-pu ES NPs at pH 7.4; however, the drug was released slightly faster upon exposure to pH 7.4 ([Figure 1D](#f1-ijn-10-4565){ref-type="fig"}).

In vivo therapeutic efficacy
----------------------------

### Clinical activity score of colitis

[Figure 2A](#f2-ijn-10-4565){ref-type="fig"} shows the clinical activity indices, which incorporate weight loss, stool consistency, and GI bleeding. In the colitis control group, the clinical activity score increased within 24 hours in response to intestinal inflammation. All treated groups showed reduced clinical activity scores compared to the colitis control group. The Azo-pu ES NP-treated group showed the most prominent reduction in the clinical activity score, with twofold and fivefold reduction compared to ES NPs and budesonide solution, respectively.

Macroscopic and microscopic assessment of colitis
-------------------------------------------------

All animals were killed after treatment. Inflammation was visible due to TNBS-induced colitis, as shown in [Figure 2B](#f2-ijn-10-4565){ref-type="fig"}. Rats treated with NPs showed reduced inflammation compared to the colitis control. As inflammation was alleviated, colon length also increased, as shown in [Figure 2C](#f2-ijn-10-4565){ref-type="fig"}. Similarly, colon/body weight ratio was significantly lower in the Azo-pu ES NP-treated group than in the colitis control group and other treated groups ([Figure 2E](#f2-ijn-10-4565){ref-type="fig"}). As shown in the distal colon photographs in [Figure 2D](#f2-ijn-10-4565){ref-type="fig"}, the Azo-pu ES NPs ameliorated colitis to a greater extent, indicating that the therapeutic effect of Azo-pu ES NPs was greater than ES NPs and budesonide solution. To confirm the drug-delivery potential of Azo-pu ES NPs for UC treatment, histological evaluation of treated and untreated colon tissue was also performed. As shown in [Figure 3A](#f3-ijn-10-4565){ref-type="fig"}, the mucosa from the healthy control group showed no signs of disrupted morphology. In contrast, tissue samples from the untreated colitis control exhibited necrosis, disruption, and irregular morphology. Tissue damage was also observed in the budesonide solution-treated rats. However, inflammation subsided substantially in the group treated with NPs. Histological findings from the Azo-pu ES NP-treated group demonstrated morphological tissue structures resembling those of healthy tissue, indicating epithelial restoration and reduced swelling of the bowel wall. Histological scoring of the tissue sections confirmed these findings, indicating that inflammation was most significantly alleviated (*P*\<0.001) in the Azo-pu ES NP-treated group compared to the ES NP-treated group (*P*\<0.05) ([Figure 3B](#f3-ijn-10-4565){ref-type="fig"}). Overall, these findings indicate that Azo-pu ES NPs deliver sufficient drug to the inflamed colon, thereby significantly alleviating inflammation.

MPO activity and proinflammatory cytokine levels
------------------------------------------------

All rats were killed 24 hours after the last treatment (5 days), and their colons were resected for MPO and cytokine analysis. MPO activity in colonic tissues from healthy, untreated colitis control, and budesonide-treated rats is shown in [Figure 4A](#f4-ijn-10-4565){ref-type="fig"}. The expression profiles of the proinflammatory cytokines IL-6 and TNF-α in the treated and control groups are shown in [Figure 4B and C](#f4-ijn-10-4565){ref-type="fig"}, respectively. All animals suffering from colitis in this study exhibited elevated MPO activity and proinflammatory tissue-cytokine expression compared to healthy rats. However, MPO activity and proinflammatory cytokine expression was substantially decreased in the treated group compared to the untreated colitis group. It is noteworthy that MPO activity and cytokine concentrations were more significantly decreased in the Azo-pu ES NP-treated group (*P*\<0.01) than the ES NP-treated (*P*\<0.05) group or the drug solution-treated group.

NP accumulation in inflamed colon tissue
----------------------------------------

Nanoscale drug-delivery systems are believed to increase colonic residence time due to increased permeability of colitis tissue, leading to selective accumulation of NPs in inflamed tissue.[@b25-ijn-10-4565] The specific adhesion and accumulation of C-6-loaded NPs in healthy and inflamed colon tissue was evaluated after 24 hours, as shown in [Figure 5](#f5-ijn-10-4565){ref-type="fig"}. Confocal images revealed that the Azo-pu ES NPs were spread along the healthy colon tissue; however, the NPs were more abundant at the site of inflammation ([Figure 5A](#f5-ijn-10-4565){ref-type="fig"}). The ES NPs displayed negligible fluorescence intensity in both healthy and inflamed colon tissue. This observation further supported our hypothesis that enzyme/pH dual-sensitive NPs prevent burst drug release in the stomach and the small intestine, and could deliver sufficient amounts of the drug to the inflamed tissue compared to single-triggered pH-sensitive NPs. Quantitative fluorescence analysis revealed that the Azo-pu ES NPs achieved significantly higher C-6 than the ES NPs in healthy and inflamed colon tissues ([Figure 5B](#f5-ijn-10-4565){ref-type="fig"}). Moreover, the C-6 concentration in inflamed colon tissues was fourfold higher than concentrations in healthy colon tissue after administration of Azo-pu ES NPs.

Plasma concentration of C-6 after oral administration of NPs
------------------------------------------------------------

C-6 solution or C-6-loaded NPs were administered, and systemic absorption was assessed by measuring the plasma C-6 concentration ([Figure 6A](#f6-ijn-10-4565){ref-type="fig"}). The highest plasma concentration of C-6 after oral administration was achieved after 1 hour for the solution group and 3--4 hours for the ES NP group. In contrast, the peak value was delayed until 5--6 hours after the oral administration of Azo-pu ES NPs, and the systemic availability was reduced by about 50%, implying that Azo-pu ES NPs avoid the complete release of budesonide in the small intestine. Therefore, a lower amount of drug is available for systemic absorption.

Blood glucose levels
--------------------

The intestinal sugar uptake and transport function of the intestines is known to be enhanced by locally acting glucocorticoids.[@b26-ijn-10-4565] As shown in [Figure 6B](#f6-ijn-10-4565){ref-type="fig"}, blood glucose levels increased after treatment with budesonide solution and ES NPs compared to the untreated colitis control group. However, the animals treated with Azo-pu ES NPs did not show a prominent increase in blood glucose level, indicating that budesonide was delivered efficiently to the colon in a sustained manner while avoiding complete release in the small intestine.

In vivo and in vitro biocompatibility
-------------------------------------

To determine whether oral administration of Azo-pu ES NPs would have any toxicity, in vivo biocompatibility was evaluated in colitis rats, which mimicked UC patient conditions. The liver and kidney H&E sections of colitis rats treated with Azo-pu ES NPs showed no pathological symptoms, and looked similar to healthy control sections ([Figure 7A](#f7-ijn-10-4565){ref-type="fig"}). Furthermore, macroscopic and microscopic assessment of the small intestine and colon segments revealed no pathological changes. Microphotographs of the small intestine and colon sections stained with H&E are shown in [Figure 7B](#f7-ijn-10-4565){ref-type="fig"}. To evaluate in vivo toxicity of blank Azo-pu ES NPs, animals were treated orally with blank Azo-pu ES NPs (10 mg/rat) for 7 days. There were no significant differences in clinical signs, such as diarrhea, fever, or other symptoms, between the treated and untreated groups. Furthermore, no mortality was observed. Additionally, there were no significant differences in body weight between the treated and untreated groups ([Figure 7C](#f7-ijn-10-4565){ref-type="fig"}). According to the in vitro cytotoxicity study ([Figure 7D](#f7-ijn-10-4565){ref-type="fig"}), varying concentrations of blank Azo-pu ES NPs exhibited no cell toxicity.

Discussion
==========

In a previous study, improved colon-specific delivery of novel enzyme/pH dual-sensitive NPs (Azo-pu ES NPs) was observed compared to single-triggered NPs using a fluorescent marker as a model drug.[@b13-ijn-10-4565] In the current study, we evaluated the therapeutic applications of Azo-pu ES NPs for colitis therapy using a clinically relevant glucocorticoid -- budesonide. Since current budesonide formulations using a single pH-dependent strategy are not satisfactory for treating UC, due to premature drug release in the ileum before reaching the inflamed area of the distal colon,[@b9-ijn-10-4565] we hypothesized that enzyme/pH dual-sensitive Azo-pu ES NPs loaded with budesonide could retain budesonide and deliver the drug specifically and sufficiently to the distal inflamed segments of the colon, thereby enhancing therapeutic efficacy of budesonide.

Results from the in vitro drug-release study in medium with a gradually changing pH that mimics the environment of the GI tract supported our hypothesis that Azo-pu ES NPs minimize burst release in ileum-like conditions (pH 7.4), and show sustained release thereafter ([Figure 1D](#f1-ijn-10-4565){ref-type="fig"}). The initial drug release (\<20%) at acidic pH over the first 6 hours was likely due to unentrapped drug molecules present on the surface of the NPs or slow diffusion. These results demonstrated that unlike ES NPs, Azo-pu ES NPs can efficiently retain entrapped drugs from the stomach until reaching the colon to increase the drug availability in the inflamed colon, which is a key feature for colon-targeted delivery. Enzyme-triggered release from Azo-pu ES NPs in the presence of rat cecal content, which mimics the UC patient colonic environment, was shown in our previous study.[@b13-ijn-10-4565] C-6 was chosen as a model drug to facilitate analysis, due to rapid degradation of budesonide in the presence of cecal content.[@b27-ijn-10-4565]

The therapeutic efficacy of budesonide by Azo-pu ES NPs was evaluated in a TNBS-induced rat colitis model compared to ES NPs and budesonide solution. The clinical activity score, colon/body weight ratio, and colon damage were markedly increased in the colitis control group compared to the treated group ([Figure 2](#f2-ijn-10-4565){ref-type="fig"}). However, NP treatment ameliorated inflammation better than budesonide solution treatment. The negligible efficacy of budesonide solution might have been due to absorption and extensive hepatic metabolism before reaching the inflamed colon. Furthermore, in all cases, the Azo-pu ES NPs exhibited significantly better therapeutic efficacy than ES NPs. The severity of inflammation and recovery was histologically evaluated in the untreated and treated groups ([Figure 3A](#f3-ijn-10-4565){ref-type="fig"}). TNBS-induced colitis changed the structure of the colon, with a loss in the protective epithelial layer and extensive swelling and thickening of the bowel wall. Colitis was alleviated with NPs or budesonide solution treatment; however, NPs had a greater effect. Interestingly, the general microscopic appearance of the group treated with Azo-pu ES NPs was quite close to the healthy control group, with epithelium recovery and no severe swelling of the bowel wall. The grade of tissue inflammation and recovery was also determined by MPO and proinflammatory cytokine assays ([Figure 4](#f4-ijn-10-4565){ref-type="fig"}). MPO, which is the most abundant protein in neutrophils, is widely used as a standard test in IBD animal models and in the feces of IBD patients.[@b28-ijn-10-4565] In the colitis control group, the MPO level was significantly higher, whereas MPO was downregulated in the colonic tissues of treated groups. However, the Azo-pu ES NP-treated group displayed significantly lower MPO levels than the other treatment groups. In the inflamed area, the activation of macrophages leads to proinflammatory cytokine secretion, including IL-6 and TNF-α.[@b29-ijn-10-4565] Therefore, quantification of IL-6 and TNF-α was essential in colon tissues, and was measured by ELISA, as shown in [Figure 4B and C](#f4-ijn-10-4565){ref-type="fig"}, respectively. The expression of both IL-6 and TNF-α was reduced in the colon tissues of treated rats when compared to untreated colitis rats. However, Azo-pu ES NPs suppressed IL-6 and TNF-α more prominently than the other treatments, indicating enhanced therapeutic efficacy of budesonide in colitis.

Unlike conventional colon-specific delivery systems that release the drug contents to the colonic epithelium independently of their healthy or inflamed state, NP-based drug carriers could represent a promising colon-targeted delivery system, due to their selective adhesion to inflamed segments.[@b30-ijn-10-4565],[@b31-ijn-10-4565] Since the dual-sensitive Azo-pu ES NPs are designed to reach the area of colitis, we assumed that Azo-pu ES NPs are selectively accumulated in the inflamed segment of the distal colon. Confocal imaging revealed a greater accumulation of fluorescent Azo-pu ES NPs in the inflamed colon tissue of colitis rats than in the healthy colon tissue ([Figure 5](#f5-ijn-10-4565){ref-type="fig"}). According to previous reports, there are several pathophysiological changes due to mucosal inflammation that are involved in preferential NP accumulation, including elevated mucus production, disrupted intestinal barriers, and infiltration of immune-related cells.[@b32-ijn-10-4565] A subsequent increase in residence time is postulated for NPs compared to existing drug-delivery systems, allowing for a dose reduction. Therefore, size is considered an important factor in the development of colon-specific drug-delivery strategies for the treatment of IBD, because carrier size impacts their accumulation in the inflamed colon.[@b33-ijn-10-4565]

The therapeutic goal of colon-targeted delivery for colitis therapy is to maximize the drug availability in the inflamed site while minimizing systemic drug absorption and pharmacological activity in healthy areas of the GI tract. Our pharmacokinetic results showed that plasma C-6 levels in rats treated with Azo-pu ES NPs were significantly lower than in rats treated with ES NPs and C-6 solution ([Figure 6A](#f6-ijn-10-4565){ref-type="fig"}). These results can be attributed to the different release patterns between the single- and dual-sensitive NPs. ES NPs were expected to release all C-6 content in the early part of the GI tract or the ileum, leading to higher systemic absorption from the small intestine before reaching the colon. However, in the case of Azo-pu ES NPs, the slow release of the C-6 in the ileum resulted in lower plasma concentrations and lower systemic bioavailability, implying Azo-pu ES NPs are a safer treatment option than a single pH-dependent system in terms of systemic side effects. The low and delayed peak values of C-6 after oral administration of Azo-pu ES NPs may be attributed to the slow and incomplete absorption of drugs from the colon compared to the small intestine. To further elucidate colon-specific delivery, the blood glucose level was also measured after the oral administration of budesonide-loaded NPs and budesonide solution ([Figure 6B](#f6-ijn-10-4565){ref-type="fig"}). Orally administered budesonide can increase blood glucose levels by enhancing sugar uptake.[@b26-ijn-10-4565] We observed an increase in the blood glucose level after treatment with budesonide solution and ES NPs compared to the untreated control group. However, animals treated with Azo-pu ES NPs did not show a significant enhancement in blood glucose level from the other treatment groups, further supporting the bioavailability study. Taken together, this delivery system appears to avoid complete drug release in the early parts of the GI tract and unwanted systemic side effects.

Since local and systemic toxicity of Azo-pu, especially in a comixture with ES and budesonide, has not been previously reported, we performed in vivo and in vitro biocompatibility studies of Azo-pu ES NPs for colon-targeted applications. Since ES is a US Food and Drug Administration-approved polymer for oral applications, its biocompatibility was not a concern. In vivo toxicity studies in the liver and kidney were performed, because the accumulation of Azo-pu ES NPs in the inflamed colon, as shown in [Figure 5A](#f5-ijn-10-4565){ref-type="fig"}, implies that NPs may be arrested inside the inflamed tissue and absorbed into systemic circulation after degradation. No noticeable toxicity was observed in rats treated with Azo-pu ES NPs ([Figure 7A](#f7-ijn-10-4565){ref-type="fig"}). Budesonide is a safe locally acting steroid drug, due to extensive hepatic metabolism by CYP3A enzymes.[@b6-ijn-10-4565] Our main concern was to evaluate the toxicity of our carrier system (Azo-pu ES NPs), which has not been reported before. Therefore, we further evaluated blank particles in high concentrations in healthy rats and in cell biocompatibility studies. No inflammation was observed in healthy sections of the small intestine or colon ([Figure 7B](#f7-ijn-10-4565){ref-type="fig"}). No apparent body weight change in healthy rats was observed when treated with blank NPs, even with a fivefold-higher dose (10 mg/rat) than was used for the evaluation of therapeutic efficacy. Biocompatibility of Azo-pu ES NPs was further confirmed by in vitro cytotoxicity tests in the colon-originated cell lines HT29 and HCT116 ([Figure 7D](#f7-ijn-10-4565){ref-type="fig"}). Overall, neither the in vitro nor the in vivo biocompatibility study showed any signs of toxicity with Azo-pu ES NPs. However, further investigations are warranted to evaluate the potential toxicity with long-term use.

Conclusion
==========

Based on our findings, we propose that prematurely released budesonide from a pH-dependent system in the ileum can be systemically absorbed, resulting in drug loss before reaching the colon and unwanted systemic side effects. However, Azo-pu ES NPs have the ability to avoid burst release in the ileum and deliver a sufficient amount of budesonide specifically to the inflamed colon, followed by a sustained release of budesonide by enzymatic reduction of the azo group in Azo-pu, resulting in enhanced therapeutic efficacy of budesonide compared to single-triggered ES NPs. The proposed drug-release mechanisms of the novel enzyme/pH-sensitive NPs in different GI-tract segments are summarized in [Figure 8](#f8-ijn-10-4565){ref-type="fig"}. These autonomous and complementary release mechanisms incorporated into the devised polymer system should overcome the limitations associated with the single-triggered release approach and improve site specificity. The enzyme/pH dual-sensitive NPs presented in this study appear to be a promising drug-delivery system for IBD therapy.
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![Characterization of ES NPs and Azo-pu ES NPs.\
**Notes:** (**A**) SEM images; (**B**) size histograms by qNano; (**C**) DSC thermogram of budesonide, polymers, and NPs; (**D**) in vitro drug release from ES NPs and Azo-pu ES NPs at different pH values.\
**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane; SEM, scanning electron microscopy; DSC, differential scanning calorimetry.](ijn-10-4565Fig1){#f1-ijn-10-4565}

![Clinical activity index during the whole experimental period and macroscopic evaluation of colitis treatment.\
**Notes:** (**A**) Clinical activity-score system for the colitis control group and budesonide-treated groups during the experimental period (error bars not shown for clarity reasons, n=5 animals/group, \**P*\<0.05 compared with colitis control); (**B**) macroscopic evaluation of the colon; (**C**) colon length (\*\*\**P*\<0.001); (**D**) open distal colon photographs; (**E**) colon/body-weight ratio (\**P*\<0.05, \*\*\**P*\<0.001). Healthy group, rats not treated with TNBS; colitis control, rats treated with TNBS; budesonide solution group, colitis rats treated with budesonide in solution form; ES NPs group, colitis rats treated with budesonide-loaded ES NPs; Azo-pu ES NP group, colitis rats treated with budesonide loaded Azo-pu ES NPs administered by oral gavage.\
**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane; TNBS, 2,4,6-trinitrobenzenesulfonic acid.](ijn-10-4565Fig2){#f2-ijn-10-4565}

![Histological evaluation of colon tissue from the colitis control and budesonide-treated groups.\
**Notes:** Representative microphotographs of healthy control, rats not treated with TNBS; colitis control, rats treated with TNBS; budesonide solution, colitis rats treated with budesonide in solution form, ES NPs, colitis rats treated with budesonide-loaded ES NPs; Azo-pu ES NPs, colitis rats treated with budesonide loaded Azo-pu ES NPs administered by oral gavage. (**A**) Hematoxylin and eosin staining for microscopic evaluation of the colon sections isolated from healthy control, colitis control, and budesonide-treated groups. Images of tissues are shown with 100× magnification. (**B**) Histological score of the colitis control and budesonide-treated groups. Data are presented as means ± standard deviation (n=3 animals/group). Azo-pu ES NPs showed statistically significant differences (\**P*\<0.05, \*\*\**P*\<0.001) compared to the colitis control.\
**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane; TNBS, 2,4,6-trinitrobenzenesulfonic acid.](ijn-10-4565Fig3){#f3-ijn-10-4565}

![Average MPO activity and cytokine expression in the healthy control group, colitis control group, and treated groups.\
**Notes:** (**A**) MPO assay; (**B**) IL-6; (**C**) TNF-α. Statistical comparisons were evaluated between the inflamed control group versus budesonide solution, ES, and Azo-pu ES NPs (\**P*\<0.05, \*\**P*\<0.01).\
**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane; MPO, myeloperoxidase.](ijn-10-4565Fig4){#f4-ijn-10-4565}

![In vivo localization of ES NPs and Azo-pu ES NPs in healthy and inflamed colons.\
**Notes:** (**A**) Confocal images of C-6-loaded Azo-pu ES NPs in healthy control and inflamed control group colon cross sections prepared 24 hours after oral NP administration; (**B**) quantitative determination of C-6 in healthy and inflamed colon tissue 24 hours after oral administration of ES NPs and Azo-pu ES NPs. Data are presented as means ± standard deviation (n=3 animals/group, \*\**P*\<0.01). Healthy colon, colon section from healthy rats; inflamed colon, colon section from 2,4,6-trinitrobenzenesulfonic acid-induced colitis rats.\
**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane; C-6, coumarin 6.](ijn-10-4565Fig5){#f5-ijn-10-4565}

![Pharmacokinetic and blood glucose-level evaluations of colon-targeted delivery of ES NPs and Azo-pu ES NPs.\
**Notes:** (**A**) Plasma concentration of C-6 after oral administration of C-6 solution, ES NPs, and Azo-pu ES NPs. (**B**) Blood glucose levels in animals treated with budesonide solution, ES NPs, and Azo-pu ES NPs. Data are presented as means ± standard deviation (n=3 animals/group, \**P*\<0.05, \*\**P*\<0.01).\
**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane; C-6, coumarin 6; C~max~, concentration maximum; T~max~, time to C~max~; AUC, area under curve.](ijn-10-4565Fig6){#f6-ijn-10-4565}

![In vivo and in vitro biocompatibility study of Azo-pu ES NPs.\
**Notes:** (**A**) Representative photomicrographs of the liver and kidney of colitis rats treated with Azo-pu ES NPs. (**B**) Small intestine and colon hematoxylin and eosin-stained sections (200× magnification) of healthy rats treated with blank Azo-pu ES NPs. Rats without any treatment were regarded as the control group (n=3 animals/group). (**C**) Changes in body weight of healthy rats treated with blank Azo-pu ES NPs. (**D**) In vitro cytotoxicity of blank Azo-pu ES NPs in the HT29 and HCT116 cell lines.\
**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane.](ijn-10-4565Fig7){#f7-ijn-10-4565}

![Proposed mechanism of budesonide release from the single system (pH-sensitive NPs) and dual system (enzyme pH-sensitive NPs) under gastrointestinal tract-mimicking conditions.\
**Abbreviations:** NPs, nanoparticles; Azo-pu, azo-polyurethane.](ijn-10-4565Fig8){#f8-ijn-10-4565}

###### 

Physicochemical characteristics of ES NPs and Azo-pu ES NPs

  Formulations    ES:Azo-pu (mg)   Cosolvent[a](#tfn1-ijn-10-4565){ref-type="table-fn"} (mL)   Size[b](#tfn2-ijn-10-4565){ref-type="table-fn"} (nm)   Loading efficiency[b](#tfn2-ijn-10-4565){ref-type="table-fn"} (%)   Encapsulation efficiency[b](#tfn2-ijn-10-4565){ref-type="table-fn"} (%)   Yield[b](#tfn2-ijn-10-4565){ref-type="table-fn"} (%)
  --------------- ---------------- ----------------------------------------------------------- ------------------------------------------------------ ------------------------------------------------------------------- ------------------------------------------------------------------------- ------------------------------------------------------
  ES NPs          100:0            10                                                          191±13                                                 5.3±1                                                               59±1.5                                                                    76±5
  Azo-pu ES NPs   50:50            10                                                          195±17                                                 5.7±0.5                                                             63±5                                                                      70±3

**Notes:**

Acetone:ethanol (7:3);

results expressed as means ± standard deviation (n=3).

**Abbreviations:** NPs, nanoparticles; ES, Eudragit S100; Azo-pu, azo-polyurethane.
